Genotype x environment interactions associated with temperature were shown to occur in populations of L. corniculatus. The effects were related to the genetic structure of the populations. We were able to show, however, that cold temperature does not act directly as a selective agent on the polymorphism of cyanogenesis in L. corniculatus.
INTRODUCTION
CYANOGENESIS has been studied in populations of both Lotus corniculatus L. and Trfolium repens L. and it appears that the polymorphism in these species is similar in many respects (Dawson, 1941; Corkill, 1942; Atwood and Sullivan, 1943; Bansal, 1966; Foulds and Grime, 1972; CrawfordSidebotham, 1972b) . One difference is that temperature has been nominated as one of the selective agents acting on the polymorphism in T. rep ens, because the cyanogenic phenotype appears to be an advantage at high temperatures and the acyanogenic phenotype at low temperatures (Daday, 1965) . The frequency distributions of the phenotypes by latitude (Daday, 1954a) and by altitude (Daday, l954b; de Araisjo, 1976 ) support this hypothesis. Field tests of populations of L. corniculatus in Europe, however, do not give a distribution parallel to that of I repens (Jones, 1977) .
Furthermore, diurnal and seasonal variation in the expression of the cyanogenie phenotype has been observed in both species (Armstrong, et al., 1913; Askew, 1933; de Waal, 1942; Corkill, 1942; Jones, 1962) and it may be that this developmental flexibility (Westerman and Lawrence, 1970) for cyanogenesis is associated with temperature. The work reported here estimates the effect of temperature on the polymorphism of cyanogenesis in L. corniculatus.
MATERIALS AND METHODS
The effect of temperature can be assessed by measuring seasonal changes in the frequency of cyanogenic plants in a natural population and in glasshouse stock plants and by growing plants in controlled environments. The method of testing leaves for cyanogenesis has been given in detail elsewhere (Jones, 1966) . Only plants scoring + + for the presence of cyano-glucosides with /3-glucosidase are cyanogenic. In field tests three phenotypes can be distinguished, + +, + -and -?. Laboratory tests can distinguish the fourth phenotype, --from -+, with the addition of 0.5 ml I iM linamann to a replicate tube. The tests were standardised as far as possible: young shoots with two or three leaves were used and the tests were always set up in the morning and scored after 24 hours' incubation on the laboratory bench.
(i) Field test
The natural population selected for study was at Wharram Quarry, N. Yorkshire. At monthly intervals over a period of more than a year, plants were sampled at random and tested for cyanogenesis. The sample size was always between 100 and 200, and the distance between the plants sampled was more than 1 m. Data of the mean monthly maximum and minimum temperatures in the area were collected from High Mowthorpe Experimental Husbandry Farm, about 3 km north-east of the quarry. Regression analysis of the frequency of cyanogenic plants against temperature was carried out.
(ii) 'Glassho use tests Stock plants were taken as cuttings from two natural populations, 27 from Wharram Quarry and 140 from Porthdafarch, Anglesey. The
Wharram population appears to be polymorphic for the enzyme only, but the Anglesey population contains all four phenotypes and the stock plants included them all. Half of the Anglesey cuttings were taken from the cliff where 20 per cent of the plants were cyanogenic and the other half were collected farther inland where 80 per cent of the plants were cyanogenic (Ellis et al., l977b) . These plants were grown in John Innes No. 2 compost in 1 25 cm pots in the glasshouse. They were tested at 2-monthly intervals over a period of 18 months and the maximum and minimum temperatures in the glasshouses were recorded daily. Regression analyses of the frequency of the phenotypes against temperature were carried out. category. Three plants stable for the + +, + -and -+ phenotypes were used as controls, and two plants in each of the unstable categories were used in the experiment. Six ramets of each plant were propagated in the mist unit and potted in 9 cm pots after 6 weeks. They were then grown under lights in a warm glasshouse (minimum temperature 15°C) for a further 10 weeks and transferred, at 16 weeks, to a controlled environment cabinet, where they were arranged in two randomised blocks. Day length, relative humidity and light were held constant at 14 hours, 80 per cent and 150 to 250 micro-einsteins M2 and sec1 respectively, so that the only variable was temperature. The plants were tested for cyanogenesis after 1 or 2 weeks in each temperature regime. The day and night temperatures and the age of the plants at the time of testing are shown in table 3. Because light becomes limiting in long-term growth cabinet experiments, there being less than half normal daylight available, the plants were placed outside (mean maximum temperature 36°C, mean minimum 11°C) for 2 weeks' recuperation and tested to determine whether their phenotypic expression would return to normal July levels. They were then replaced in the growth cabinet for the two final tests. Two series of experiments were carried out on cloned stock plants from the two populations. During the course of each experiment, all the plants were tested for cyanogenesis, to be sure that the phenotypes being tested were expressed.
Series 1, Wharram. Because there appeared to be only two phenotypes in this population, + + and + -, the experiments were designed using eight plants per phenotype and three ramets per plant, the plants being randomly arranged after they were potted. Four weeks after propagating in a mist unit in the glasshouse, the plants were potted in 8 cm peat pots, grown for 2 weeks under lights in a warm glasshouse, hardened for 4 days in a cool glasshouse with no supplementary lighting and then transferred to a controlled environment cabinet with a day length of 12 hours and temperature of 7°C. Each experiment lasted 1 week and throughout the week the night temperature was held constant, for example in experiment 1 the night temperature was -1°C. Six further experiments were carried out with night temperatures of -2°C, -3°C, -35°C, -4°C, -5°C and -6°C. A total of 336 plants was used in these seven experiments. The plants were scored for their subsequent recovery in the cool glasshouse.
Series 2, Anglesey. Only plants known to be stable for the expression of the four phenotypes were used, three plants per phenotype and four ramets per plant. The plants were grown in the same way as the Wharram plants but were given 6 weeks under lights in a warm glasshouse before being hardened and only four experiments were carried out with night temperatures of -2°C to -5°C inclusive. (table 1) . Thus although there is significant variation in phenotypic expression it appears to be unrelated to temperature. It is possible that the variation is due to sampling error, because L. corniculatus plants are not distributed at random in Wharram Quarry (Usher, 1975 ) and a greater difference may be expected between two random samples of such a population than between systematic area samples (Jones, 1977) .
Our interpretation of these results depends on two assumptions and on other results to be presented in the next section of this paper. One assumption is that the -? plants were not expressing the + -phenotype in the second winter because of their developmental flexibility in response to the generally low temperatures and frequent frosts from December onwards, whereas the previous winter had been very mild until Easter. The other is that the recessive non-glucoside phenotype is absent from this population. 
++ ++
remainder all -- Throughout this experiment the control plants remained stable and were clearly distinct from the unstable plants. In these latter the variation within clones was as great as between clones and no clear-cut temperature threshold could be seen (table 3) . However, the total numbers of phenotypes expressed did show a decrease in both the cyano-glucoside and the enzyme, and although regressions of these numbers against temperature were not significant (0.1 > P> 0.05) it is possible that the plants respond to changes in temperature rather than absolute values. It is clear, therefore, that we cannot distinguish between developmental flexibility or developmental instability in this situation, but the tendency for the unstable plants, overall, to respond to temperatures in the same way does suggest the former.
The significance of these results is that our selected unstable plants did
show phenotypiLc instability in controlled environments in which temperature was the only variable, whereas the stable plants did not. The occurrence of variation within clones for the phenotypic expression of cyanogenesis shows that we cannot assume that replicates of a plant will always express the same phenotype in the same environment. Inequalities between propagules of L. corniculatus at cloning have been shown to affect their subsequent morphology (Ostazeski and Henson, 1965) and it seems that micro-environmental variation at the time of cloning could cause physiological variation between ramets. Similar effects have been found with Mimulus guttatus Fisch. (Libby and Jund, 1962) and Lolium perenne L. (Breese, et al., 1965) . The results were expressed as the total number of survivors of each phenotype plotted against temperature ( fig. 1) . The variation of temperature within the cabinet was probably at least 1°C and because the variation within clones may have been caused by position effects the replicates were treated as individuals in the results. From fig. I it can be seen that there is little difference between the populations or the phenotypes, about half the plants dying at -4°C. From these experiments we can conclude that L. corniculatus plants can tolerate temperatures as low as -3°C for seven successive nights, suffering only reversible injury, if any, but that at lower temperatures irreversible injury and death occurs. It is the reversible injury which may discriminate between the phenotypes in terms of selective advantage. This type of frost stress may be due to freeze dehydration of the cells (Levitt, 1972) and it can be profitably compared to the drought stress work of Foulds and Grime (1972) . In both instances the selective stress may act by causing physiological dehydration of cells, but the physiological disadvantage of cyanogenic plants remains undetermined. Perhaps discrimination between phenotypes could be improved by using competition experiments under frost stress, such as those of Deschênes (1974) . He showed that the mortality of L. corniculatus increased with increased seeding rate and in response to weed competition. However, there is no good evidence to date that cold temperature acts as a selective agent in populations of L. corniculatus to maintain the polymorphism of cyanogenesis. The distribution of cyanogenic L. corniculatus in the Scottish Highlands and the French Alps (Jones, 1977) bears no relationship to altitude and hence with cold temperature, and the results obtained here show that cyanogenic plants are no more vulnerable to cold stress than acyanogenic plants.
Cociusios
Because some individuals in the Anglesey population can change their cyanogenic phenotype in response to changes of temperature, whereas others do not, a genotype x environment interaction occurs in that population. These effects of temperature may be related to the genetic structure of this and other populations. Our hypothesis is that stability of phenotypic expression is associated with homozygosity and higher-order heterozygosity, for example in the Wharram population, and instability with lower-order heterozygosity, for example in the Anglesey population.
This instability in heterozygotes may also explain why Dawson (1941) had anomalous results when working with English populations and consequently chose Scandinavian material for his breeding work on the inheritance of cyanogenesis. Perhaps the next step should be to determine the genotypes of stock plants, measure the phenotypic stability of artificial heterozygotes and assess the selective advantage of developmental flexibility in experimental populations. Further work is already in progress on assessing the frequency of unstable forms in different populations.
We have been unable to show that cold temperature stress differentiates between the cyanogenic and acyanogenic phenotypes. In this respect L. corniculatus differs from T. repens, so that we still cannot nominate cold temperature as a selective agent acting directly on the polymorphism of cyanogenesis in L. corniculatus.
In terms of the demonstrated advantage of chemical defence (Ellis et al., l977a) flexibility which reduces the expression of the cyano-glucoside under cold conditions would not be deleterious: molluscs are notably inactive at low temperatures (Crawford-Sidebotham, 1 972a). of this work, to Miss A. K. Braithwaite and Mr V. Swetez for their care of the glasshouse plants and temperature records and to Mr Macdonald at the Experimental Husbandry Farm, High Mowthorpe, for temperature data We wish to thank the Management Committee of Wharram Quarry for permission to work at the quarry. We are grateful for the comments of the referees on an earlier draft of this paper.
